INTRODUCTION
Stable single-frequency light sources are very important for optical communication systems. Distributed feedback (DFB) 1,2 and distributed Bragg reflector (DBR)31aser diodes are the most promising sources due to their single-longitudinal mode operation. Recently, there has been growing interest in coherent optical communications, such as frequency modulation 4 and frequency shift keying, 4 because of the higher information transmission rates possible. For these applications wavelength tuning and switching are particularly important in addition to frequency stability. and a FP section of length I FP ' The sections are separately pumped with the bias currentsl DFB andlpp , respectively, to adjust the carrier densities and therefore the optical path lengths. Reflection occurs at the interface of the DFB and FP sections because the propagation constant of the DFB section is modified by the periodic pertubation of the refractive index. The coupling can be described by a scattering matrix S.9 The propagation of optical waves in the DFB section is described by the forward propagation factor" Both tuning and switching of the wavelength have been demonstrated by coupled-cavity lasers.
5 ." However, the wavelengths ofthese lasers are very sensitive to the pumping currents and the coupling structures and are, therefore, not stable. Complicated optical and electrical feedback circuits are usually necessary to control the wavelength and prevent mode hopping. On the other hand, DFB lasers have demonstrated very stable single-frequency operation even under high-speed modulation 2 and large continuous wavelength tuning ranges are obtainable.
3 Therefore, the combination of a DFB section coupled with a Fabry-Perot (FP) section results in a laser which operates in a stable single frequency as a DFB laser, but can be continuously tuned and discretely switched in wavelength.
Recently such a laser has been built 7 and the modeswitching property was observed experimentally. With an additional phase control section, Murata, Mito, and Kobayashi 8 demonstrated a wide wavelength tuning range of 58
A. However, up to now there is no theoretical analysis of such structures. To know the upper limit of the wavelength tuning range, a detailed understanding of the tuning mechanism is important. It is the purpose of this paper to present a systematic study of the wavelength tuning and switching behavior of such a coupled DFB-FP laser.
THEORETICAL FORMULATION
A schematic diagram of the coupled DFB-FP laser is shown in Fig. 1 'A. DDFBr = e DF"(l + seh ') Noting that DFP = e(gFr jtJI'P)I"p is the propagation factor in the FP section, the threshold equation can be obtained from the round trip condition, 1 -?;jfDoFsrDDFBbD ~p = O.
(1)
Here, reff is given bylO
where the Sij are the elements of the scattering matrix/ -rjs) is the reflectivity at the DFB end facet, and r z = 0.56 is just the reflectivity of the cleaved facet.
RESULTS AND DISCUSSION
The threshold condition Eq. (1) is analyzed numerically to find the threshold gain and lasing wavelength of a GaAs/AIGaAs laser. We assume linear gain and linear refractive index variation with injected current, which is good for threshold analysis. The extension of this analysis to above threshold will be discussed later. ' For finite values of K1 DFB , there are appreciable reflections at the DFB-FP interface due to non-zero Sl! and S22' Just as in a coupled-cavity laser, the threshold gain is modified by the interference effect between the DFB and FP cavities. For very large values of Kl oFB , the modes are very similar to that of a conventional DFB laser. The number of such D FB modes is less than the number of modes at id oFB = 0 (combined FP modes). This is reasonable because the OFB mode spacing (;:::;1Tll oFB ) is larger than the combined FP mode spacing of 1T I (loFB + Ipp ).
As the FP current I FP increases, there are two effects. First, the additional gain in the FP section will reduce lOPB .
t'
Second, the phase interference between DFB and FP can be modified so that discrete wavelength switching or continuous tuning is possible. Figure 3 The wavelength can be switched between the two DPE modes on either side of the stopband. Mode II occurs for I FP between 8.8 and 12.5 rnA, when there is gain in both sections and the laser operates in coupled-cavity mode. Successive mode hopping across the stopband is usually observed. Mode III is the continuollsly tunable OBR mode and occurs when the DFB section is lossy (IFP > 12.5 rnA). In this case, the wavelength can be tuned continuously by the DFB current IOFB' In mode I, an increase in I FP will shift the modes towards the negative 8 side of the stopband. The in-phase mode may become out of phase and vice versa due to the phase change in the FP section, and the lowest gOFB" mode may change. For example, at IF? = 1.6 mA, the wavelength switches from above stopband to below stopband (mode b to mode c in Fig. 2) . At I PP = 4.1 mA, it switches back to above stopband (mode c). This phenomneon has been observed experimentally by Kitamura et al.,7 however, their explanation based on variable-phase reflectivity is incomplete. They neglected the fact that there are more combined FP cavity modes than DFB modes and, therefore, the phase change needed for mode switching was overestimated. For example, when the wavelength returns to above the stop~ band at Ipp = 4.1 rnA, it goes to mode c instead of mode d in Fig. 2 . When Ipp is larger than 8.8 rnA, the current at which the FP section experiences no loss or gain, the coupled DFB-FP laser becomes more like a coupled-cavity laser. The successive mode hopping in Fig. 3 at Ipp = 9.9, 10.3, and 12.5 mA is very typical of coupled-cavity lasers. The difference is that the lasing mode is not determined by the gain profile of the laser, but instead by the narrow reflection band of the DFB section. Therefore, the hopping always occurs inside the stopband.
When I FP is larger than 12.5 rnA, the DFB section is lossy and the laser operates in mode HI, The wavelength stops hopping and stays in the same mode. It can be tuned by changing the Bragg wavelength with IDH' as in a DBR laser. This is the continuously-tunable DBR mode. The tuning range is larger for a large ratio of iDPB/lpp Figure 4 IOFB' TheA is plotted again with respect to IOFs in Fig. 4 (b) to show more clearly the tuning range.
We also studied the effect of the grating ending position and the reflectivity at the DFB facet. Since the overall phase in a round trip can be modulated by I FP' different grating ending position just corresponds to a shift in I FP ' which agrees with the experimental results. For practical purposes the laser has to operate above threshold, where the assumption of linear index variation with current is not valid. However, in modes I and III, either the DFB or the FP section is lossy and the carrier concentration is not clamped. The current can still be used to modulate the refracti.ve index and optical path length effectively. Therefore, the threshold analysis here can still be applied in the more general case. Similar approximations of the nonlinear relations of gain and refractive index versus current as in Ref. 11 can be used.
CONCLUSION
In conclusion, we have presented an analysis based on simulation of the threshold condition which has general applicability to lasers with periodic waveguides. The results show that three modes of operation are possible for the coupled DFB-FP laser. Mode I occurs when the FP current Ipp is small and allows the wavelength to be switched between modes on either side of the stopband. This is useful for frequency-shift-keyed communciation systems because it provides externally controlled switching with the frequency sta~ bility of a DFB laser. When there is gain in both the DFB and FP sections, the laser operates in mode II, the coupled-cavity laser mode, and successive mode hopping across the stopband can be expected. With an additional phase control region, very wide tuning range across the stopband is possible, Mode III is the continuously tunable DBR mode, which occurs when the DFB section is lossy. A continuous tuning range (4.8 A) is obtainable for a laser with a large ratio of IDFB/IFP and an antireflection coated DFB facet. The tuning range can be further extended in a three-section laser. This type of operation is desirable for coherent communication systems because it allows continuous tuning under external modulation while providing the narrow linewidth of a DFB laser.
